In this paper, we present an investigation of a microfluidic chip capable of continuous sample switching and injection for bio-analytical applications. The novel device integrates two important microfluidic phenomena, including hydrodynamic focusing and valveless flow switching inside multi-ported microchannels. In this study, a simple theoretical model based on the 'flow-rate-ratio' method is first proposed to predict the performance of the device. Based on these data, a pre-focused 1 × N flow switch is designed and fabricated using micromachining techniques. A novel micromachining technique is demonstrated which combines quartz template fabrication and replication of microstructures on polymethylmethacrylate (PMMA) substrates for mass production of microfluidic devices. Three-dimensional templates with an inverse image of microfluidic channels are fabricated on quartz substrates and then used to imprint microstructures onto PMMA substrates using hot embossing methods. Finally, the flow switching is verified experimentally with the use of microscopic visualization of water sheath flows and a dye-containing sample flow. The experimental data indicate that the sample flow could be hydrodynamically pre-focused to a narrow stream and then guided into a desired outlet port based on relative sheath and sample flow rates. It also shows that the added 'pre-focusing' function prior to the flow switching is crucial for precise sample injection. The microfluidic chip could be applied in the fields of bio/chemical analysis.
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Introduction
Microelectromechanical systems (MEMS) technologies, capable of fabricating miniature sensors, actuators and systems, have been available since the 1980s. MEMS has been an enabling technology in various fields, revolutionizing existing fabrication techniques. The applications of MEMS technologies, especially in biomedical/chemical analysis, have attracted considerable interest and have made a substantial impact. Not only does MEMS provide new instrumentation and increase the performance of existing analytical methods, but it also allows totally new access to information on the molecular level in a high-throughput way. A micro total analysis system (µTAS), which integrates sample pretreatment, transportation, reaction, separation and detection on a small chip, can be realized by combining functional microfluidic components manufactured by specific MEMS technologies [1] [2] [3] . Recent progress in the development of µTAS technologies and microfluidic systems has been rapid, mostly driven by the need to reduce cost and increase throughput of bioanalytical assays. Discrete microfluidic components, such as mixers [4, 5] , extractors [6, 7] , flow detectors [8] [9] [10] , channels and chambers [11] [12] [13] , have been demonstrated in the literature. Some preliminary microfluidic systems have also been reported [14, 15] . Among these, accurate and precise handling of small volumes of test reagents (down to volumes of nl s −1 ) is essential for µTAS. Continuous sample injection is also critical to the performance of the high-throughput microfluidic system. The present study is therefore aimed at investigating a novel microfluidic device-a pre-focused 1 × N microflow switch. Special attention will be given to the added 'pre-focusing' function prior to flow switching inside the microfluidic device, since this is very crucial to the precise injection of samples.
Several designs of microchip flow-switching devices using different substrates have been reported previously. Gebhard et al [16] have demonstrated a fluidic oscillator employing a V-shaped fluidic circuit with feedback channels, in which a part of the output flow is fed back into the inlet region causing the main flow to be redirected to the other channel. As a result, the flow can be switched between two output channels. Blankenstein et al [17] have reported that differential pressures between inlet ports can be used to guide sample flow into any desired outlet port. Multi-ported fluidic switches have been fabricated using micromachining techniques including etching of silicon wafers and bonding of Si/glass. In their experiment, a sample flow stream could be guided to a desired outlet port using hydrodynamic forces. Sample injection into one of the five outlet ports has been demonstrated successfully in their study.
The above-cited microflow switches simply applied hydrodynamic properties to guide flow into a desired outlet port. Conversely, an active structure can also be integrated with microchannels to form a flow switch. Döring et al [18] reported that a laminar flow could be steered into one of two outlet ports using a thermal bimorph cantilever. A Si/aluminium bimetal structure was used as an active component for flow switching. Recently, Lemoff and Lee [19] described an ac magnetohydrodynamic (MHD) microfluidic switch, in which the Lorentz force was used to pump an electrolytic solution. The flow could be switched between two outlets by integrating two ac MHD pumps into a Y-shaped fluidic circuit.
Even though micromachined 1 × 5 flow switches have been demonstrated [17, 21] , a theoretical model to predict the flow switching among outlet ports, which is crucial to the operation of the flow switches, has not been proposed in the literature. Another innovative design of the present study is to add a pre-focus function prior to flow switching. It will be shown in the following sections that it is important to include the 'pre-focusing' function to avoid sample smearing among outlet ports. The present study first proposes a simple theoretical model to predict the performance of the device. Based on this model, a micromachined pre-focused 1 × N flow switch is designed and fabricated using novel micromachining techniques. A hot embossing method has been developed to fabricate cheap, disposable flow switches on plastic substrates [20] . The details, including the design, fabrication and characterization as well as the operation of the micromachined 1 × N pre-focused flow switch, will be discussed in the following section.
Design and fabrication of pre-focused microflow switch
In figure 1 , a schematic representation is shown of the micromachined pre-focused 1 × N flow switch with three inlet ports and seven outlet ports. The flow switch integrates two important microfluidic phenomena, including hydrodynamic focusing and valveless flow switching on a planar structure. The operational principle of the pre-focused 1 × N microflow switch is described as follows. Typically, the reagents are injected into a centre channel and hydrodynamically focused into a narrow stream constrained by two neighbouring sheath flows. The pre-focused process prior to the flow switching is added to inject the sample flow precisely into a desired outlet port without smearing into the other ports. Subsequently, the focused sample stream is then injected into a desired outlet port based on relative sheath and sample flow rates. The device is composed of two sections: (1) a pre-focused section and (2) a dispenser section (see figure 1 ). The pre-focused section is designed for sample focusing hydrodynamically as occurs in a conventional flow cytometer. Then, the pre-focused sample flow will be directed into a desired outlet port in the dispenser region. The smooth profile of the convergent and divergent parts is applied to avoid the potential loss of flow energy. In the present study, an empirical formula for large-scale water tunnels is used for the design of the profiles [22] . Figure 2 shows a schematic representation of a simplified fabrication process for the pre-focused 1 × N flow switches. The microstructures were formed on quartz substrates first by using wet chemical etching (buffered oxide etchant (BOE) 6:1) with chromium as an etch mask. BOE was chosen due to the fact that the fabricated microchannel has a smoother appearance than hydrofluoric acid (HF) etching. The quartz templates were then used to imprint an inverse image on the plastic blanks. During the fabrication process, a hot embossing machine was used to apply uniform and reproducible pressure (> 1.25 × 10 5 N m −2 ) on the surfaces [20] . During the compression process, the entire devices were heated to above the transition temperature of the plastics for at least 10 min. The polymethylmethacrylate (PMMA) plate was then clamped with another blank PMMA cover plate to form the sealed channels. The PMMA devices were heated at higher temperature for at least 12 min for bonding. Prior to bonding, several through-holes (800 µm in diameter) were drilled on the cover plate as flow inlets and outlets. These holes were aligned under an optical microscope with the ends of the channels. Good sealing of the microchannels was observed. In the present study, the hot embossing method was applied to fabricate a pre-focused microflow switch ( figure 3) .
The reproducibility of the hot embossing methods was evaluated by measuring ten channels on different plastics. The relative standard deviations in terms of the depth and the width of the channel are 0.96% and 2.17%, respectively [23] . These data show that hot embossing is an effective method to duplicate microfluidic devices on plastic substrates.
Theoretical model
The objective of this section is to propose a theoretical model for predicting the performance of the pre-focused 1 × N microflow switch. As mentioned above, the sample flow is first pre-focused and then injected into a desired outlet port based on hydrodynamic forces. Based on potential flow theory, a simple model used to predict the hydrodynamic focusing width of the sample flow has been presented [23] . With the assumption that mixing and diffusion between sample and sheath flows is negligible, an equation was derived to predict the width of the focused stream
where d is the width of the focused stream, D 1 , D 2 , D 3 and D a are the widths of the inlet channels 1-3 and the outlet channel, respectively,ν 1 ,ν 2 andν 3 are the corresponding velocities inside each inlet channel, ρ 1 , ρ 2 and ρ 3 are the fluid densities in the inlet channels 1-3 and ρ a is the average fluid density in the outlet channel (figure 4). Equation (1) was used to predict the width of the sample stream in association with relative sheath and sample flow rates. It indicates that the width of the focused stream is inversely proportional to the relative sheath and sample flow rates and proportional to the volumetric flow rate of the sample flow. Equation (1) provides a simple guideline to predict the width of the focused stream.
In the present study, another theoretical model is proposed to predict the performance of the flow switching. This is based on a concept called the 'flow-rate-ratio' method. Similarly, the assumption of neglecting diffusion and mixing between the pre-focused stream and sheath flows still holds. Here, we choose a 1 × 7 flow switch to demonstrate the method. Figure 1 shows a two-dimensional situation where the prefocused sample flow is injected into a specific outlet port (A). It implies that the sheath flow coming from channel 3 must occupy the lower six outlet ports (B-G). It follows that
This 'flow-rate-ratio' equation can be used to predict the required input velocities of the sheath and sample flows for the injection of a sample flow into a desired outlet port. In addition, a previous study [23] reported that the sheath flow rate should be higher than the sample flow rate such that the focused width is small enough to avoid sample smearing into the other ports. Taking hydrodynamic focusing of the sample flow into consideration, one should ensure the following conditions to achieve reasonable flow focusing:
(2c) where d 1 is the desired focused width of the sample stream. In the present study, d 1 is chosen to be one quarter the width of each outlet port to avoid sample smearing. Note that d 1 could be a smaller value if a narrower stream of the sample flow is required. Using these three 'flow-rate-ratio' equations (2a)-(2c), one can determine the operation conditions for flow switching to the outlet port (A). A series of simpler formulae can be formed if we choose ρ 1 = ρ 2 = ρ 3 = ρ a and
Similarly, one can obtain the following equations for sample injection into other outlet ports (B-G). For example, for the sample injected into outlet port B, the sheath flow coming from channel 3 must occupy the lower five outlet ports (C-G). Likewise, the sheath flow coming from channel 1 cannot occupy more than two outlet ports in this case. With the same constraint for hydrodynamic focusing, one can obtain the formulae for the sample injected into outlet port B: Similarly, the following formulae can be obtained for the sample injected into various outlet ports C-F:
Port F:
Port G:
The above equations provide a simple guideline for the operation of sample flow switching and will be applied to predict the performance of the pre-focused flow switch. 
(g) Figure 9 . A series of pictures showing that pre-focused sample flow is guided to the desired outlet port.
As expected, the relative sheath and sample flow rates ((ν 1 /ν 2 ), (ν 3 /ν 2 )) are the most important parameters to direct sample flow into the desired outlet ports. The 'flow-rate-ratio' method can be easily extended to a pre-focused 1 × N flow switch with N (> 7) outlet ports. The theoretical data have also been compared with experimental data, which will be discussed in the following section.
Experimental data
A micromachine-based pre-focused 1 × 7 flow switch has been fabricated using the techniques described in the previous section. The flow switch has the same geometry as shown in figure 5 . The inner inlet nozzle is placed in the middle of the outer inlet nozzle to get a better flow focusing effect [23] . Hydrodynamic focusing was first verified with water sheath flows and a dye-containing sample flow under an optical microscope. Then different relative sheath and sample flow rates were used for sample flow switching to a desired outlet port. An image processing system, consisting of a highresolution CCD video camera, an image interface card and a PC, was used for image acquisition.
The sample and sheath flows were injected from syringe pumps (KD Scientific Inc., 200 series). The velocity of the sample flow was fixed at 0.02 mm s −1 and the sheath flow velocity ranged from 0.05-1.4 mm s −1 , resulting in a relative sheath and sample flow rate of between 2.5-70. A stable focused sample stream could be formed while an appropriate relative sheath and sample flow rate was applied (figure 6). As the flow rate of the sheath flow increased, the width of the focused sample stream was reduced accordingly. The width of the pre-focused stream could be as small as 3 µm while the relative sheath and sample flow rates reached 70. Figure 7 represents the relationship between the width of the pre-focused sample stream and the relative sheath and sample flow rate for a 1 × 7 flow switch. As predicted by equation (2a), the width of the sample decreases with the relative sheath and sample flow rates. The width can be scaled down to about 40 µm while the relative sheath and sample flow rates reach 27. This value is small enough to avoid sample smearing.
As mentioned in the previous section, the added 'prefocusing' function is very crucial to avoid sample smearing among the outlet ports, which results in serious contamination problems. Figure 8(a) shows a picture in which the sample is not pre-focused. The sample is directed into outlet channels B and C. The smearing problem can be solved if the 'prefocusing' function is added on the same chip ( figure 8(b) ). Figure 9 shows a series of pictures for sample injection into specific outlet ports. The flow switching effect was confirmed experimentally. The pre-focused sample stream could be injected into any desired output port hydrodynamically. The operational conditions for flow switching into a desired outlet port are also compared with theoretical results predicted from equations (2)-(8) and shown in figure 10 . It can be clearly seen that the proposed models can predict the performance of the microfluidic chips. Note that we applied higher sheath and sample flow rates to achieve a narrow focused stream. The sample flow could be pre-focused to less than 20 µm and then injected into a desired output port. In practice, the sample stream could also be continuously switched among output ports to achieve high-speed sample injection. The experimental data have indicated that the microfluidic device could be applied for continuous sample injection, which could be crucial for highthroughput microfluidic systems.
Conclusions
Continuous sample injection and analysis is critical for the development of a high-throughput micro total analysis system. The present study integrates two important microfluidic phenomena, including hydrodynamic focusing and valveless flow switching inside multi-ported microchannels. The centre sample flow, surrounded by two sheath flows, is focused hydrodynamically prior to the flow switching. Then, the pre-focused sample flow is guided to a desired outlet port using hydrodynamic forces. With the novel pre-focused flow function, the sample flow can be switched to a specific channel without smearing.
In this study, the hydrodynamic focusing phenomenon was first investigated by employing potential flow theory. A theoretical model capable of predicting the width of the focused sample stream was proposed. Another model for flow switching based on the 'flow-rate-ratio' method was also proposed to predict the required velocities of sheath and sample flows for injection into a desired outlet port for the pre-focused microflow switch.
Finally, a micromachined flow chamber was designed and fabricated on plastic substrates as a pre-focused microflow switch.
Hydrodynamic focusing and flow switching were verified with the use of microscopic visualization of water sheath flows and a dye-containing sample flow. The experimental data have indicated that the pre-focused microflow switch could guide sample flow to a desired outlet port successfully. The added 'pre-focusing' function was proven to be capable of solving sample smearing problems. The development of the micromachine-based pre-focused 1 × N flow switch is crucial for high-throughput microfluidic systems.
